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SYMMETRIC CORRUGATED- CORE SANDWICH PLATES WITH 
SIMPLY SUPPORTED LOADED EDGES AND SIMPLY 
SUPPORTED OR CLAMPED UNLOADED EDGES 
By Paul Seide 


SUMMARY 


A theory for the elastic behavior of orthotropic sandwich plates is 
used to determine the compressive-buckling- load parameters of flat sym- 
metric corrugated- core -sandwich plates with simply supported loaded edges 
and simply supported or clamped unloaded edges. Charts are presented 
for corrugated-core sandwich plates for which the transverse shear stiff- 
ness in planes parallel to the axis of the corrugations may be assumed 
infinite. The limits of validity of this assumption are investigated 
for simply supported plates. 


INTRODUCTION 


Considerable work has been done on the problem of the stability of 
sandwich plates with isotropic faces and isotropic non-stress-carrying 
core materials such as end-grain balsa or cellular cellulose acetate. 

The corrugated-core sandwich plate, which consists of a corrugated metal 
sheet fastened between two flat sheets, is of a different type in that 
the core has orthotropic flexural and transverse shear properties. The 
transverse shear stiffness in planes parallel to the axis of the corru- 
gations is usually many times the stiffness in planes perpendicular to 
the axis of the corrugations and may be considered Infinite for many 
practical constructions. The flexural properties are such that the 
corrugated core can to some extent resist bending moments applied in 
planes parallel to the axis of th? corrugations, whereas Its resistance 
to bending moments applied in planes perpendicular to the axis of the 
corrugations is negligible. 

The theory of reference 1, together with .the physical constants 
derived in reference 2/ -makes possible the determination of the elastic 
over-all buckling loads of flat corrugated-core sandwich plates with 
symmetric corrugated cores. By over-all buckling is meant buckling of 
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the sandwich plate as a whole, without regard to local buckling of the 
faces between corrugation crests or of the corrugation walls. In the 
present paper the theory is applied to the problem of the stability 
under longitudinal compression of flat symmetric corrugated-core sand- 
wich plates with simply supported loaded edges and simply supported or 
clamped unloaded edges. 

Stability criterions are derived for these two problems in an 
appendix. Numerical results are presented in the form of charts which 
show the variation of the compressive-buckling-load parameter with 
plate aspect ratio for different values of parameters involving the 
flexural and transverse shear stiffness of the corrugated core. For 
these charts the transverse shear stiffness in planes parallel to the 
axis of the corrugations was taken as infinite. The limits of validity 
of the charts for corrugated-core sandwich plates having finite trans- 
verse shear stiffness in both directions are investigated for simply 
supported plates. Some of the numerical results of the present paper 
have been published separately in references 3 and 


A, B, C 




a 

b 


D V % 


E C 

% 

h 


0 SYMBOIS 

coefficients in expressions for w, Qx, and Qy, 
respectively, for a plate with simply supported 
unloaded edges 

coefficients in expressions for w, Qx, and Qy, 
respectively, for a plate with clamped unloaded 
edges (i = 1, 2, 3) * 

plate length 

plate width 

transverse shear stiffnesses per -unit width of a beam 
cut from plate in x- and y-directions, respectively 
(formulas and charts for calculation of Dq x and D< 

are given in reference 2) 

Young’s modulus of elasticity of core material 
Young’s modulus of elasticity of face material 
distance between middle surfaces of face sheets 
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*C 

% 


moment of inertia per unit width of corrugation cross 
section in planes perpendicular to x-axis, taken about 
sandwich-plate middle surface 

moment of inertia per unit width of faces, considered as 
membranes, taken about sandwich-plate middle surface 

(2 t s h2 ) 


m 

N 


n i 

Q x > Qy 
■ts 

W 

X, J 

vs 

V 2 


number of buckle half-waves in x-direction 

longitudinal compressive buckling load per unit width 
of sandwich plate . 

number of buckle half-waves in y-direction of a plate 
with simply supported unloaded edges 

arbitrary quantities in expressions for w, Q x , and 
for a plate with clamped unloaded edges (i = 1, 2, 3) 

transverse shear forces in planes perpendicular to the 
x- and y-axes, respectively 

face thickness 

deflection of sandwich-plate middle surface 

coordinate axes (see fig. l) 

Poisson's ratio of face material 


differential operator I — ^ + 


& 2 _ 

^ x 2 dy2 IJ 


Parameters used in the presentation of results: 
plate aspect ratio 


a/b 

b% 

*Vs 


comrpressive-buckling-load parameter 


E C I C 

E S*S 


flexural-stiffness ratio 
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jf^Eglg jt^Eglg I 

^ transverse-shear-flexibility parameters 


' b 2 D, 




D Qx 

>y 


% 


transverse- shear- st iff ness ratio 


For convenience, these parameters are abbreviated in the appendix as 
follows 


P 


r x; r y 


plate aspect ratio (a/b) ■ 
compressive-buckling-load parameter 


( b 2 N N 


flexural-stiffness ratio 


Me 

^Msy 


transverse-shear-flexibility parameters 




and 


b 2 D, 


respectively j 

% / 


CORRUGATED-CORE SAFTOWICH-PLATE THEORY 


The sandwich-plate theory of reference 1 deals with elastic plates 
of continuous construction which have orthotropic flexural and transverse- 
shear properties. Straight lines in the plate that are originally per- 
pendicular to the undeformed plate middle surface are assumed to remain 
straight but not necessarily perpendicular to the plate middle surface 
after bending occurs. The plate is also assumed to have no local defor- 
mations. This last assumption permits the analysis of only the over-all 
stability of sandwich plates. 

Corrugated-core sandwich plates can be analyzed by this theory 
provided that limitations are imposed on the relative dimensions of the 
sandwich faces and of the core. The pitch of the core corrugations 
should be small compared with the plate width perpendicular to the axis 
of the corrugations so that the plate can be treated adequately as a 
continuous orthotropic medium. The thickness of the faces should be 
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small compared with the over-all plate thickness in order that heading 
of each face about its own middle surface may be neglected. The core 
should be sufficiently stiff so that changes in the plate thickness are 
negligible. 

The investigations of reference 2 indicate that limitations should 
also be placed on the type of corrugated-core sandwich plate that may 
be analyzed by the sandwich-plate theory of reference 1. The Poisson's 
ratios of the materials of the two faces must be equal, the neutral 
plane of bending of the faces alone must coincide with the plane passing 
through the centroidal axis of the corrugation cross section, and load 
resultants must be applied in specified planes between the plate faces. 
Symmetric corrugated-core sandwich plates - that is, plates with faces 
of equal thickness and of the same material and with a corrugated core 
having symmetrical corrugations - satisfy these conditions, provided 
that load resultants are applied in the plane of the plate middle surface. 


RESUITS A2TD DISCUSSION 


In the present paper the compressive buckling of flat symmetric 
corrugated-core sandwich plates with simply supported loaded edges and 
simply supported or clamped unloaded edges (see fig. l) is investigated. 
For symmetric corrugated-core sandwich plates the elastic constants 
derived in reference 2 reduce to the relatively simple forms given in 
the appendix. The solution can be expressed in terms of six nondimen- 
sional quantities 


b 2 U 

* 2 Vs 

a/b 

E C I C 

Vs 

Ate 

' *%y 

MS 


compressive-buckling- load parameter 

plate aspect ratio 
flexural-stiffness ratio 

transverse-shear-flexibility parameters 


Poisson's ratio of face material 
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Stability criterions which relate these six parameters for the two 
problems considered are derived in the appendix (equation (6) for plates 
with simply supported unloaded edges and equations (ll) and (15) for 
plates with- clamped unloaded edges). 


For many practical structures the transverse shear stiffness in 
planes parallel to the axis of the corrugations is very much greater 
than the transverse shear stiffness in planes perpendicular to the axis 
of the corrugations ancl may he assumed infinite. In the present paper 
the corrugations are taken parallel to the x-axis, in which case Dq x 


is the transverse shear stiffness that 
transverse-shear-flexibility parameter 


may he assumed infinite. The 


b2D 0x 


is then equal to zero 


and the stability criterions reduce to equation (7) for plates with 
simply supported unloaded edges and to equations (l6) and (17) for plates 
with clamped unloaded edges. 


Charts have been prepared for the case of infinite Dq x and show 

the variation of the compress ive-buckling-load parameter ~ with 

* 

plate aspect ratio a/h for the transverse-shear-flexibility parameter 




equal to 0, 0.1, 0.25, 0.5; 1.0, and ~ and the flexural- 


E n I r 


stiffness ratio equal to 0, 0.5; and 1.0. Poisson's ratio for 

%% 

the face material pg has been taken as 1/3. In figure 2, the charts 
for finite plates with simply supported unloaded edges are presented. 
The compressive-buckling-load parameter for infinitely long plates with 
simply supported edges is plotted against the transverse-shear- 

IX^EoIq 

flexibility parameter — in figure 3. These curves were obtained 


b 2 D, 


% 


by replotting the minimum values of compressive-buckling-load parameter 
of the curves of figure 2. Similar charts are presented for plates with 
clamped unloaded edges in figures 4 and 5. 


The trends of the curves of figures 2 to 5 are similar in some 
' respects to those of the curves of references 5 and 6 for isotropic 


sandwich plates. As the transverse-shear-flexibility parameter 


As j b 


b 2 D, 


increases, the compressive-buckling-load parameters are materially 


Qry 
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reduced. The reductions are greater for plates with clamped unloaded 
edges , because the effect of edge clamping is lessened with increasing 
transverse shear flexibility and the values of the compressive-buckling- 
load parameter for plates with clamped unloaded edges approach those 
of plates with simply supported unloaded edges. Because the corrugated- 
core sandwich plates are assumed to' have unequal transverse shear stiff- 
nesses, the transverse shear stiffness Dq x being greater than the 


transverse shear stiffness 



the reductions in compressive-buckling- 


load parameters are not so great as those for isotropic-core sandwich 
plates. For example, for the case of a corrugated-core sandwich plate 
with inf ini te transverse shear stiffness Dq x and zero transverse shear 

stiffness Dq , the compressive-buckling- load parameter is finite, rather 

*7 


than being equal to zero, and varies with plate aspect ratio. 


The longitudinal buckle half wave lengths of isotropic-core sandwich 
plates decrease with decreasing transverse shear stiffness; the buckle 
wave lengths of corrugated-core sandwich plates with infinite transverse 
shear stiffness Dq x , however, tend to increase with decreasing transverse 

shear stiffness Dn . Calculations indicate that a corrugated-core sand- 


wich plate with zero transverse shear stiffness Dq^ buckles in only one 

longitudinal half wave, regardless of the plate aspect ratio. The buckle 
half wave lengths of infinitely long corrugated-core sandwich plates with 
simply supported edges remain relatively constant over a large range of 
values of the transverse-shear-flexibility parameter and flexural- 
stiff ness ratio. The half wave length is approximately equal to the 
plat£ width for values of the transverse-shear-flexibility parameter 
Jt^EoIq 

varying from 0 to 1.0 and for values of the flexural-stiffness 

b X 


ratio varying from 0 to 1.0. In this range the half wave length is 1.0 
to 1.3 times the plate width. For plates with clamped unloaded edges, 
the half wave length of buckle varies somewhat more (from 0.66 to 
1.2 times the plate width). 


EFFECT OF FINITE TBANSVEESE SHEAR STIFFNESS Dq^ 


Although it is customary to assume in the analysis of corrugated- 
core sandwich plates that the transverse shear stiffness Dq x is 

infinite, little or no information as to the limits of validity of this 
assumption is available. Calculations have been made for the present 
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paper to determine the minimum value of Dq^jDQ^. for which the assump- 
tion of infinite is adequate. 


Values of 


b% 




for infinitely long simply supported plates Vith 


various values of 


y 


are shown in figures 6(a) to 6(c). These 


values were obtained by plotting values of - - given by equation (6) 

it Eglg 

for several values of the buckle aspect ratio a/mb and by picking off 
the minimum of the curve bo defined. This procedure was repeated for 


various sets of values of 


"p- S and 

b^D, 


^S^/^Qy D 




E S IS ^S^/b 2 ^ 


%L 

V 


Since the transverse-shear-flexibility parameter 




b 2 D, 


for plates of 


% 


practical dimensions is less than about 0.5, it may be concluded that 
values of are given with little error by the curve for D Q 

•Jd-n t 


j^Eglg 


rn 


equal to infinity 


% 


J Q- 


= 00 1 if the transverse-shear-stiffness ratio 


D 


Q x / I) Qy 


‘y 


is greater than about 10. Calculations indicate that this con- 


clusion applies also to plates of finite length, provided that the plate 
aspect ratio a/b is not less than about 0.6. 


Because of the complexity of the stability criterion for compressive 
buckling of corrugated-core sandwich plates with simply supported loaded 
edges and clamped unloaded edges (equations (ll) and (15)), no attempt 
was made to obtain information as to the limits of validity of the 
assumption of infinite transverse shear stiffness It seems rea- 


sonable, however, to expect a transverse-shear-stiffness ratio 



of about 10 to be a lower limit for the assumption to be adequate. 
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CONCLUDING REMARKS 


The over-all stability of flat symmetric corrugated-core sandwich 
plates with simply supported loaded edges and simply supported or clamped 
unloaded edges has "been investigated by the use of the orthotropic- 
sandwich-plate theory of NACA Rep. 899 in conjunction with the physical 
constants for symmetric corrugated-core sandwich plates derived in NACA 
TN 2289 . Charts showing the variation of the compressive -buckling- load 
coefficient with plate aspect ratio, transverse-shear-flexibility 
parameter, and flexural-stiffness ratio have been prepared for plates 
for “which the transverse shear stiffness in planes parallel to the axis 
of the corrugations can be assumed to be infinite. 

By use of the more general equations derived for corrugated-core 
sandwich plates with finite transverse shear stiffness in both direc- 
tions, it is concluded that these charts may be considered adequate for 
plates of practical dimensions for which the transverse shear stiffness 
in planes parallel to the axis of the corrugations is 10 or more times 
the transverse shear stiffness in planes perpendicular to the axis of 
the corrugations, provided that the plate aspect ratio is greater than 
about 0.6. ! 


Langley Aeronautical Laboratory 

Rational Advisory Committee for Aeronautics 
Langley Field, Va., January 22, 1952 
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APPENDIX 

DERIVATION OF STABILITY CRITERIONS 
Differential Equations 


.a 


Equations that may he used for the determination of the compressive 
buc kli ng loads of flat' symmetric corrugated-core sandwich plates are 
given in reference 1. The seven physical constants of corrugated-core 
sandwich plates required for the use of these equations are derived in 
reference 2 and are as follows for plates having thin faces of equal 
thickness and symmetrical cores 


- \ 


D x = % I s( 1 + ^ 

E S I S / 


E n I, 


1 + 


C X C 


D„ 


Va 




! + (1 _ 


Vs 


V - — 




^x = ^ 


Uy = ^ 


1 + 

E S 1 S 


D Q, 


D, 


Q-v 


(1) 


The formulas for the calculation of. Dq^ 
ence 2., are rather -cumbersome and are not 


and Dq , derived in refer- 
presented here. 
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The differential equations of reference 1 are given for the present 
problem as 


TT a 2 w aoy _ 

ax 2 Sx 



2 + EcIc 



E S I S 1 B 2 
2(l + Mg) D Q x By 2 



E C I C| 


1 ' d 2 
D Q x Sx 2 


^ - 


1 d 2 0y 

2(1 - n s ) D 0y 


Y ( 2 ) 


- e s„5l_._1 v 

1 - PS 2 Sy 


2 

w 


1 d 2 Q x + 

2(1 - Us) Dq x Sx Sy 


Es^ 1 S 2 
2 (i + Ms) % S * 2 


Es 3 ^ 1 d 2 
1 _ i^s 2 D % ^ 




i 


Simply Supported Unloaded Edges 


The conditions that are satisfied at the edges of the simply supported 
plate (fig. 1(a)) are those of zero deflection of the middle surface, zero 
moment normal to the edges, and no relative movement parallel to the edges 
of points in the boundary. These conditions may be expressed in terms 
of w, and Qy, at x = 0’ and x = a, as 


v = 


<3 /d w _ ^2 
<3x\ctec 





(3a) 
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and, at y = 0 and y = b, as 


v = -Lfei - Sjl_\ + ^ A&/ _ Qx_\ = = 0 

dyUy DqJ SxUx dq x J d Qx 


Functions that satisfy these boundary conditions are 


v = A sin sea sin SSZ . 

a b 


' mitx . mry 

0^ = 15 cos sxn — — 

A a b 


micx mty 


Qy = C sin 


The differential equations will be satisfied also if the following set 
of s imult aneous homogeneous equations, obtained by substituting equa- 
tions (4) into equations (2) and rearranging terms, is satisfied: 


s£ M - S 


P EglgVt 


n — = 0 
E S I S 


f { n2 + yE + ( x ' 


A - (1 - HS £ 


JjfS n 2 + mf 

n “ ’ r 




1 + ra . m 1 ftp _ „ 

— 5 — n s r y 0 - 0 




1 “ Uc + 


2 + ^ + n 2 r I Wb\3 c = 0 


2 2 

P 


y Egig^ 
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The condition that A , B,. and C have values other than zero - 

that is, that the determinant of their coefficients in equations (5) 
vanish - yields the stability . criterion for simply supported corrugated- 
core sandwich -plates under , longitudinal compression 



In the analysis of corrugated-core sandwich plates in which the 
corrugations are oriented in the direction of the x-axis, it is often 
assumed that is infinite. Then r x is zero and the stability 

criterion is simplified to 



When equation (6) or equation ( 7 )' is' used, m and n are assigned 
different integral values until’ the lowest value of the compressive- 
buckling-load parameter k is obtained. Computations indicate that n 
should always be given the value 1 in these calculations so that the 
corrugated- core sandwich plate buckles with one sinusoidal half-wave in 
the y-direction. 
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Clamped Unloaded Edges 

In the problem for plates with clamped un l oaded edges (fig. 1(h)), 
the conditions that are satisfied along the simply supported edges are 
those of zero deflection of the middle surface, zero moment normal to 
the edges, and zero relative movement parallel to the edges of points 
in the boundary. These conditions are expressed by equation (3a). Along 
the clamped edges, the boundary conditions are those of zero deflection 
of the middle surface, zero relative, movement normal to the edges of 
points in the boundary, and zero relative movement parallel to the edges 

of points in the boundary. At y = ±^-, 


_ 3w Qy _ 

Sy ®Qy SQx 


(8) 


Solutions of the differential equations (2) for the middle-surface 
deflection w and the shear forces Q x and Qy exist in the form 


w = sxn 


Q x = cos 


nutx 


H 


Aj_ cosh 


«n ± y 


awx \ 

fl . ■ ■ 


jm-iy 

B-? cosh — ~ 
a *-j— x b 


Qy = sin 


natx 




sinh 




J 


( 9 ) 


/ 

where values of nj_, Ai, Bj_, and are to be determined from the 

differential equations (2). Equations (2) are satisfied by equations ( 9 ) 
if, for each value of i, the following set of simultaneous equations 
is satisfied: 


m£ 

B 2 




1 


,3 

I Ci = 0 


3 

I B i + n i 


(10a) 
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1 + W3 
2 



= 0 


(10b) 


! 1 




(10c) 


The condition that A-^, and C-j_ have values other than zero - 

that is, that the determinant of their coefficients in equations (10) 
vanish - yields an equation for the determination of n^ 


1 rl 

f-| 6 1 

1 / 

b(l + M S ) * 

n i + 

[ + 2(1 + n s ) p 2 r y + 


1 \ 


+ n 


2(1 + ng) 3 
1 - vs 


4^7 




2 + 


jte + ')$ ■ k ] 


^2 rx 


r y + 


1-ms 2 yp 2 


r v - 


— + t])— kr x r Y l n^ 

1 + US h 2 > 


m c 


1 + 1 sE r 

2(1 + Mg) p2 y 


- PS 2 ) 1 


3 E + i 1 - m s 2 ) 1 l1( 1 - 


= 0 


( 11 ) 
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Thus n^ has the values ±n-^ and the six roots of equa- 

tion (ll). Only the positive roots need be considered. Edch of the 
coefficients and Cj_ may be given in terms of the corresponding 

coefficient A^. From equations (10a) and (10c), the following rela- 
tions are obtained: ' ... 


where 


-v m . P 2 

*i = F k " 5 *1 




2 m2 . 1 + m2 

~2 -“x 


*i" " + 

P^ 


P £ 


.. 2 . ( 1 “ 

+ 5 


m 2 „ 2\_ , 1 + _ 2„ 

32 " i J y 2 12 


( 12 ) 


h~ 


.2 _ m 2 + 1 + m 2 ^ 

P2 2 P 2 


1 - ^2 + - n i 2 j r y + ^~^ n^ 


% 


Equation (9) may now be written as 


mirx/ * n 2y ' 

w = sin iS^IA-, cosh — r- — + Ao cosh — r— + Ao cosh — =2— . 

all b 2 b 0 b / 


n 1 /b\3 m*x/\ A ^^ly , ^y 

CL. = — — — 1 cos A-iAi cosh + ApAp cosh + 

EglgW a V 13 t 


1^2 


cosh 


* / 


: > (13) 


Qy=- 


t 


} . mux 

'sin 

a 


K (. **i.y , *n 2 y 

-(PlAi' sinh — — - + 02^2 sinh r — 


hH s “ t?) 
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Equations (13) already satisfy the boundary conditions along the 
simply supported edges (equation (3 a)). The boundary conditions along 
the clamped edges (equation (8)) must now be satisfied. The substitution 
of equations (13) into equation (8) yields the following set of equations 


itut 7 W.£ nno 

Aq cosh + A2 cosh + A3 cosh = 0 


itn, jtru jtno 

AqAq cosh — 2= + ^2^-2 cosh — g - + ^3^3 cosh — = 


0 


( 1*0 


( n l + ^l r y) A l sinh + (n 2 + 0 2 r y) A 2 sinh + 


( n 3 + ^3 r y) A 3 sinh 




= 0 


In order to assure the existence of values of Aq, A 2 , and A3 other 
than zero, the determinant of the coefficients of Aq, A2, and A3 

is set equal to zero. When the determinant is expanded, the following 
equation is obtained: 


(A.3 - A^) (eli + tanh + ^A,q - I3) (n 2 + 0 2 r-y)tanh + 


(*2 - ll)( n 3 + r y 0 3 )tanh = 0 


(15) 


Equation (15) in conjunction with equation (ll) is the criterion for the 
compressive buckling of corrugated-core sandwich plates with simply 
supported loaded edges and clamped unloaded edges. 

When values of the compressive-buckling- load-parameter k are com- 
puted with equations (ll) and (15), a trial and error process is used. 
For given values of {3, r x , r y , and "q, a value of k is assumed 

and m is assigned some integral value. Equation (ll) is solved to 
give the values of nq, n 2 , and n3« These values are then substituted 

into equation (15). If the left-hand side of equation (15) does not 
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vanish, other values of k must he chosen and the process repeated. 

This procedure yields a series of values of k and corresponding values 
of the left-hand side of equation (15). The correct value of k may 
now be obtained by plotting these values as ordinate and abscissa and 
picking off the value of k at which the left-hand side of equation ( 15 ) 
is eq ual to zero. The entire process is then repeated for other integral 
values of m until the lowest value of k is obtained. 

For the case of infinite Dq^ the following stability criterion is 
obtained: 


1 - 


n l 

7_1±S. ■£ - ni 2 )r y 

V 2 f> 2 1 7 


tanh 


mil 


n 2 


icn. r 


1 - P S 


2 + 


tanh = 0 

f l - »s s£ _ n 2V 2 

V 2 p2 n 2 y r y 


( 16 ) 


where n^ and are the positive values of the roots ±n^ and ±ng 

of the equation 


1 1 1 m2 r 

4 . 1 ? 

r 2+ 

( 1 , .v 2 t 


2(1 + pg) ^ 

1 p2] 

L 

\1 + ds / P 2 

y J 


„ u 

n i 


m 




jj 1 - t*s 2 ) k - ^ + ( L - ^ 2 )^]j- ■ 0 dT) 


The same procedure is used in solving equations (l6) and (17) 
values of k as is used for equations (ll) and (15). 


for 
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Figure 5-- Compressive-buckling- load parameters for infinitely long 
clamped corrugated-core sandwich plates. 
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